material compost made from yard trimmings, clippings, and agricultural byproducts; (2) manure compost such as from dairy and poultry manures; (3) co-compost material such as bio-solids and green material mixed together; and (4) wood chips and forestry residual composts. Food scraps and municipal solid waste composts have also been used for erosion control (CCREF and USCC 2001) .
Compost, the end product of the process of aerobically composting a wide array of original materials, may vary significantly in physical, chemical, and biological characteristics and thus could perform differently in an engineering application. Iowa State University and Iowa DOT compared the performance of three types of composts (biosolid compost, yard trimmings compost, and bioindustrial compost) and revealed that the coarsest yard trimmings compost had less solids loss than the biosolids and bioindustrial composts, which showed more vulnerability to rill erosion . A field study by Faucette et al. (2005) tested four types of composts (biosolid compost, yard waste compost, municipal solid waste compost with mulch, and poultry litter compost with mulch and gypsum), and the study revealed all the compost treatments significantly reduced total solids loss relative to bare natural soils during storm events. The US Composting Council have set forth the Test Methods for the Examination of Composting and Compost (TMECC) to ensure the quality of finished dry compost, such as particle size distribution, organic matter content, carbon/nitrogen ratio, maturity, and metal and nutrients concentration. The recent bench-scale study by Faucette et al. (2007) concluded that particle size distribution is probably the main characteristic of an organic erosion control blanket that influences runoff and/or sediment loss.
In spite of many reported bench-scale and field-scale studies on erosion control feasibility of composts, the mechanisms behind their varying erosion resistance have been less explored and discussed, and the possible variation of erosion performances of the same compost on different base soils has not been reported. The main objective of this research work is to investigate the mechanisms of the erosion control performances of three commonly used composts on three base soils, as well as the implication of the coupling effect of compost and base soil on erosion and stability. Many pilot erosion control projects demonstrated that compost blankets promoted and sustained vegetation growth on roadside embankments (California EPA Integrated Waste Management Board 2000; Barkley 2004) , and vegetation in turn contributes to better erosion resistance. Before vegetation is established, however, bare compost blankets could be subjected to repeated rainfalls. In this paper, erosion resistances of compost-covered slopes under repeated rainfall events are reported.
The second objective of this paper is to compare and document the runoff constituents of the three base soils and the three composts. An ideal compost erosion control blanket should slowly release the nutrients it contains to the underlying soil and roots without quickly loosing the nutrients to runoff. Quantitative analysis of runoff to determine nutrient loading, biochemical oxygen demand (BOD), coliform bacteria, and heavy metals is essential in selecting the appropriate compost for erosion control without adversely affecting the ecosystem. Urban storm water can contribute significant amount of heavy metals to receiving waters (USEPA 1999a) . A study by the Nationwide Urban Runoff Program indicated that runoff from residential and commercial areas carried higher annual loadings of chemical oxygen demand, total lead, and total copper than effluent from secondary treatment plants (USEPA Office of Water 1983). The heavy metals of the highest concentrations in urban runoff are copper, lead, zinc, and cadmium (USEPA Office of Water 1992). In the meantime, due to the original materials of composts, the runoff constituents from the compost-covered slopes may also be a concern in compost erosion control applications. Since compost blankets have been proven to significantly reduce runoff (Faucette el al. 2005) , the amount of nutrients in the compost runoff entering nearby surface water could be less than that from embankments with traditional treatment such as hydroseeding. The field study by Glanville et al. (2004) showed that elevated chemical concentrations in composts do not necessarily lead to elevated chemical concentrations in runoff from composted area. In this study, the collected runoff was analyzed and compared against USEPA regulations in order to evaluate the environmental impact.
Materials and Methods
Experimental Setup. Bench scale rainfall erosion tests were conducted on the campus of California State University, Fresno, California, in 2006 and 2007 . Three types of natural soils (sand, silt, and clayey sand) were tested. Their grain size distributions are plotted in figure 1. Three types of composts provided by a local compost manufacturer were used as erosion control blankets. The composts were (1) green compost made of roadside grass clippings, yard trimmings, and other municipal green wastes; (2) manure compost made of 100% dairy manure; and (3) cocompost made of 50% (by volume) biosolids and 50% (by volume) green wastes. Biosolids are nutrient-rich organic materials resulting from the treatment of domestic sewage in a wastewater treatment facility. The grain size distributions of the three composts are also shown in figure 1. The composts were tested at a compost-testing laboratory certified by A rainfall simulator (figure 2) was constructed to simulate rainfall, using the methodology developed by Humphry et al. (2002) . The rainfall simulator consisted of a spray nozzle, a pressure regulator, a pressure gauge, PVC pipes, hoses, and a supporting frame. The simulator provided heavy rainfall with intensity of 7.9 cm h -1 (3.1 in hr -1
) at a pressure of 28 kPa (4.1 psi), and the intensity was higher than the peak rainfall intensity for a one-hour rainfall (6.4 cm h -1 [2.5 in h figure 2 , was built to simulate an inclined embankment. The slope inclination was 2:1 (horizontal: vertical) (27 degrees). A metal screen was installed at the end of the slope to prevent the soil from sliding. The screen openings were large enough to allow the eroded soil to pass. A hose connected the soil box to a runoff collector outside of the rainfall pattern, so that runoff could be collected for soil loss and constituent analyses. Rainfall gauges were mounted on the sides of the soil box to measure the precipitation. Three rainfall simulators were built and positioned side by side (figure 2), so that three erosion tests could be conducted simultaneously. Tarps were used between rainfall simulators to prevent interference of raindrops. In order to simulate the base soil beneath the natural soil that was tested in the soil boxes, soil particles of the same natural soil were evenly glued at the bottom of the three boxes, respectively. Holes were drilled at the bottom of the soil boxes to simulate infiltration into the subsoil (figure 2).
Rainfall Erosion Tests. The aforementioned three types of base soils were first tested for erosion. To prepare the soil slope, standard Proctor compaction tests were performed. The soils were then compacted to 90% of the maximum dry density at the optimum moisture content in the soil boxes. The thickness of the compacted soil was 2.54 cm (1.0 in). A one-hour rainfall event was then applied. All runoff was collected, and the volume was measured. At the end of the tests, the solids in the runoff were collected and oven dried to obtain the solids loss.
Composts (green, manure, and co-compost) were then used as the erosion control blankets on the three base soils, respectively. They were loosely applied on the compacted base soils in the three soil boxes. The application rate (thickness of compost blanket) was 1.27 cm (0.5 in) in all tests. In this study, the compost-covered slopes were subjected to repeated rainfall events (sequential tests), each one hour in duration and with a three-day interval. The soil boxes were kept indoors during the interval between tests, and the indoor temperature and humidity were constant. The first series of tests used manure compost to cover the three base soils in the three boxes, respectively. Rainfall erosion tests one hour in duration were conducted. Five rainfall events were simulated. The measurement of solids loss followed the same method as in the base soil erosion tests. The second series of tests used co-compost as an erosion control blanket on the compacted three types of base soils in the three boxes, respectively. Sequential tests were performed with the same interval between tests as in manure compost erosion tests. Five rainfall events were simulated. The third series of tests used green compost as the erosion control blanket on the compacted base soils in the three boxes, respectively. This series of tests was terminated after two rainfall events due to the significant solids loss and sliding of the clayey sand and silt slopes.
Duplicate tests were conducted for all the erosion test configurations described above, i.e., the three base soils without compost covers and the three base soils with the three types of compost covers under repeated rainfall. Test conditions were kept identical, including soil and compost preparation and rainfall parameters. Runoff was also collected and measured in each test. Water retention and infiltration data were obtained by subtracting the measured runoff from the rainfall volume, which was based on the rainfall intensity and the soil box area.
Runoff Constituents Analyses. One runoff sample was taken from the collection pan at the end of each test. The runoff collection in the pan was sufficiently stirred, and then a beaker was submerged into the pan to collect a sample. The runoff sample was immediately transferred to a 100 ml (3.38 fl oz) bottle (for coliform bacteria measurement) and two 500 ml (16.91 fl oz) bottles (for biochemical oxygen demand [BOD] and other constituents measurement). The samples were immediately sent to an environmental lab (Moore Twining Laboratories, Fresno, California) for physical, chemical, and biological analyses. During the transportation, the samples were kept at 4°C (39.2°F). To reduce the sample analysis cost, only samples collected from sand slopes without compost cover and with the three compost covers in each sequential test were analyzed. Base soil rainfall erosion test: (a) clayey sand, after one hour of rain; (b) silt, after one hour of rain; and (c) sand, after one hour of rain.
Figure 4 Erosion tests with manure compost blanket (at the end of five one-hour sequential rainfall events of 7.9 cm h Figure 4 shows the manure compost-covered slopes at the end of five, one-hour erosion tests. It was observed that manure compost significantly reduced soil loss in all three base soils, and the compost-covered silt slope remained stable after the five rainfall events. Figure 5 shows the co-compost-covered slopes at the end of five one-hour erosion tests. It was observed that the co-compost also significantly reduced solids losses in the three slopes and retained the silt slope stability. In the series of the rainfall erosion tests on Erosion tests with co-compost blanket (at the end of five one-hour sequential rainfall events of 7.9 cm h Erosion tests with green compost blanket (after one one-hour rainfall event of 7.9 cm h 
the green compost-covered slopes, the first one-hour rainfall event induced gully erosion in the clayey sand and widespread sheet erosion in the silt. Meanwhile, less soil loss was observed in the green compost-covered sand slope than in the sand slope without a compost blanket. The three green compost-covered slopes after the initial onehour rainfall are shown in figure 6. In the second sequential rainfall tests on the three green compost-covered slopes, further massive erosion occurred in both the clayey sand and the silt slopes, while the sand slope continued to stay stable. An interesting but unexpected observation was that green compost triggered more soil erosion and subsequent slope failure in the clayey sand slope, which was stable without a compost cover, while the green compost further reduced solids loss in the sand slope.
The solids losses for the duplicate tests in each test configuration differ in the range of 10% to 21%. The same erosion phenomena were observed. Average solids losses were calculated from the two duplicate tests of each test configuration, and the results are plotted in figure 7 . The results indicate that both the co-compost and the manure compost significantly reduced solids losses of all base soils: for the clayey sand, the solid loss with a compost blanket is 1% to 14% of that without compost; for the silt, the solid loss with a compost blanket is 0.1% to 4% of that without compost; and for the sand, the solid loss with a compost blanket is 4% to 27% of that without compost. Both the co-compost and the manure compost prevented sliding in the silt slope. The erosion test results of the green compost on the three base soils, however, are quite different. Green compost triggered 43% more solid loss in the clayey sand in the initial rainfall test, and a deep gully was formed in the clayey sand slope (figure 6). Green compost reduced solid loss of the silt slope by 89%. Although surface erosion of the silt slope was still obvious (figure 6), the entire silt slope failure was prevented. Green compost reduced the solid loss of the sand slope by 67%.
Average runoff and infiltration data were obtained from the duplicate tests of each test condition, and the results were plotted in figure 8. In both the clayey sand and the silt slopes, the three compost covers generally reduced surface runoff and increased water retention and infiltration. The runoff in bare clayey sand and silt slopes was high due to the low permeability of clay and silt and consequently less infiltration. For the sand slope, the runoff in the initial rainfall with compost covers was higher than that without compost. It seems that water does not infiltrate into the initially dry composts as well as it does into the highly permeable sand. After the initial wetting, it seems water penetrates composts easily, and the runoff was reduced to or below the level of the runoff in the tests with only base soils.
The erosion differences of the three composts are explained as follows from the perspective of the physical properties of the materials, in terms of bulk density, grain size distribution, organic matter content, and shear resistance. The effect of compost size distributions on erosion was reported by Buchanan et al. (2000) and Faucette et al. (2005) -a diverse particle size distribution reduced erosion more than either small or large particles. The TMECC specified the range of grain sizes of the compost blanket, and the range was plotted with the grain size distributions of the composts in figure  9 . The figure shows that the grain sizes of the composts generally fit in the TMECCspecified size range, and the green compost particles are smaller than those of both the manure and co-composts. Larger particles are less erodible, as indicated by the soil erodibility nomograph (Wischmeier et al. 1971) and by experimental studies (e.g., Faucette et al. 2007; Ekwue and Maiduguri 1991) . From the perspective of grain size, the green compost has less erosion resistance than other two composts. [29 lb ft -3 ]). The moisture contents were also measured for the composts at the end of each series of tests. The average moisture content (w) for co-compost was 94%, for manure compost was 68%, and for green compost was 66%. When fully saturated, the saturated unit weight (γ sat ) for the co-compost was 0.90 g cm -3 (56 lb ft ). The heaviest green compost has a bigger downward tangential force that could cause erosion and slope failure.
Soil organic matter has been shown to affect erosion resistance. Organic matter binds mineral particles into a granular soil structure; part of the soil organic matter that is especially effective in stabilizing these granules consists of certain glue-like substances produced by various soil organisms (Brady and Weil 2002; Haynes and Beare 1996) . Mazurak et al. (1975) reported that application of organic wastes decreased the amount of soil particles detached by raindrop impact. As shown in table 1, co-compost has the highest organic matter content (42.6%), and green compost has the lowest (26.3%). The TMECC specified the organic matter content to be 30% to 65%. The organic matter content of green compost is below the lower limit. Lack of sufficient organic matter and consequently particle-binding force may be another reason for the poor rainfall erosion resistance of the green compost. The same finding was also supported by the erosion data in figure 7-for the same base soil, green compost-covered slope consistently had more solid loss than the other two compost-covered slopes.
In order to explain the different performances of the green compost on the clayey sand and the sand slopes, direct shear tests were performed using a direct shear apparatus to determine the maximum shear stress between the green compost and the three base soils. In the direct shear test, the bottom half of the shear box was filled with compacted base soil, and the top half contained saturated green compost. The maximum Co-compost TMECC upper particle limit TMECC lower particle limit Table 2 Shear stress between green compost and base soils. hear stress at the interface of the compost and the base soil is expressed as
Green compost
where c a is adhesion, which represents the attraction between the green compost and the base soil, σ is vertical stress on the base soil, and δ is external friction angle. The direct shear tests and measurement of c a and δ were conducted based on the American Society for Testing and Materials specification D3080-04 (ASTM 2006) . The test results were listed in table 2. Due to the minimum vertical stress of the green compost, which is 1.27 cm (0.5 in) in thickness and exerts less than 0.24 kPa (5 lb ft -2 ) pressure on the base soil, the friction is negligible and the adhesion dominates the maximum shear stress. The results in table 2 indicate that the adhesion between the green compost and the clayey sand, 13.79 kPa (2.00 psi), is larger than that between the green compost and the sand, 10.82 kPa (1.57 psi). Due to the higher adhesion, the green compost can exert larger downward dragging force on the clayey sand particles when the green compost erodes.
The second reason for the increased solid loss in the green compost-covered clayey sand is the possible soil fabric change. Previous studies (Michaels 1959; Quirk 1959; Mesri and Olson 1971; Anandarajah 2003) suggested that when a water-saturated clay specimen is leached with concentrated organic fluids with small or no vertical stress, two possible scenarios are conceivable: (1) individual clay particle clusters shrink, resulting in enlargement of the intercluster pore space in a statistically uniform distributed manner throughout the specimen, or (2) individual clusters shrink, leading to a few localized cracks. The particle separation and localized cracks that may occur in the clayey sand due to the organic leachate may facilitate the soil erosion. Increased soil erosion did not occur in the manure compost and the co-compost-covered slopes because of the two composts' higher rainfall erosion resistance. But with green compost, as it erodes away and can no longer provide cover protection, the clayey sand with the aforementioned soil fabric change may be more susceptible to erosion.
Runoff Constituents Analyses. The runoff constituent concentrations are listed in table 3. The Clean Water Act (CWA) (USEPA 1999b) and the Stormwater Effects Handbook (Burton and Pitt 2001) were referred to when evaluating the runoff constituent concentrations. The CWA's ambient freshwater quality criteria are also included in table 3. The table referred to "criterion maximum concentration" and "criterion continuous concentration" in the CWA. Criterion maximum concentration generally corresponds to the "acute" criterion with an exposure period of one hour, and criterion continuous concentration corresponds to the "chronic" criterion with an averaging exposure period of four days.
The results in table 3 gave rise to the following observations: (1) compost added more nutrients (nitrogen, phosphorus, and potassium) than the bare sand soil to the runoff; (2) compared to the sand base soil, the composts were able to reduce the concentrations of some metals (cadmium, chromium, iron, lead, nickel, and titanium) in the runoff, and the co-compost seems to be the most effective in reducing metal concentration; (3) biochemical oxygen demand (BOD) in the runoff of green and manure compostcovered slopes was in the approximate range (10 to 20 mg L -1 ) specified by CWA, but the co-compost generated higher BOD in the runoff, which may affect receiving water quality; (4) E. coli bacteria concentrations were well below the allowable limit of the USEPA National Bacteria Criteria, which indicates that most of the coliform bacteria and pathogens were killed in the composting process; (5) the co-compost was especially rich in nitrogen, and it was noted that nitrite was initially not detected in the first two rainfall events in the co-compost-covered sand slope, but in the following rainfalls, nitrite was released to the runoff; and (6) another interesting finding was that reduced soil erosion in compost helped reduce heavy metal concentrations in the runoff. Table 1 shows that some of the heavy metals (cadmium, chromium, lead, and zinc) in dry co-compost were four to fourteen times higher than those in dry manure compost, but the concentrations of these metals in runoff from co-compost were lower than those from manure compost runoff. This observation agrees with the field results by Glanville et al. (2004) .
The last column of table 3 shows the median storm water pollutant concentrations Table 3 Runoff analysis of base soil and compost blankets in sequential rainfall erosion tests. , no adverse effect on warm-water fish (McCoy 1972) . § USEPA recommended water quality criteria for nonpriority toxic pollutants: criterion maximum concentration (CMC).
Green
║ USEPA recommended water quality criteria for priority toxic pollutants: CMC.
# USEPA recommended water quality criteria for priority toxic pollutants: CCC. ** USEPA National Bacteria Criteria (single sample maximum allowable density), for designated beach.
for mixed land use without compost cover (Nationwide Urban Runoff Program, USEPA 1983b). Burton and Pitt (2001) reported that surface runoff from the compost-amended soil sites had greater concentrations of almost all constituents, compared to the surface runoff from the soil-only test sites. The concentration increases in the surface runoff and subsurface flows from the compost-amended soil tests were typically in the range of five to ten times greater. However, as indicated by the observation (2), composts used in this study were able to keep some metals from releasing to the runoff, resulting in decreased metal concentrations compared to those in the runoff of soil-only erosion tests.
erosion resistance and mechanisms of three commonly used composts. Runoff analyses were conducted to quantify the physical, chemical, and biological constituents. US Environmental Protection Agency regulations were referred to for the environmental impact evaluation. Based on the results and analyses, the conclusions can be summarized as follows. Different composts, when possessing different properties such as density, grain size distribution, and organic matter content, may vary significantly in erosion resistance. Lower organic content (<30%), smaller particle sizes, or high bulk density can collectively contribute to excessive solid loss and possibly eventual slope failure. Erodible compost cover can trigger the failure of an embankment that would otherwise be stable without a compost cover. Interaction of compost and underlying base soil, such as shear stress at the interface and possible soil fabric change, could induce elevated base soil erosion. Therefore, to make the appropriate selection of compost as an erosion control blanket, one should consider the interaction of the base soil and the compost.
Composts may be able to reduce the concentrations of some metals, making them lower than the concentrations of runoff from mineral soils without a compost cover. Elevated nutrient concentrations (K, P, N) in runoff from compost blankets remain a concern for receiving water bodies. Composts, when fully composted, can have low biochemical oxygen demand (BOD) and E. coli concentrations that may not adversely affect the quality of receiving waters. Compost with good erosion resistance can release less heavy metals in runoff than the compost with poor erosion resistance, even if the compost with good erosion resistance contains higher concentrations of heavy metals than the compost with poor erosion resistance.
Although various compost blankets have shown promise in embankment erosion control and soil conservation projects, compost should be carefully selected, considering all the aforementioned factors that can affect erosion resistance and cause potential slope failure. If possible, inexpensive bench scale trial tests are recommended before compost is applied in large-scale field projects so that erodible compost that could cause excessive soil loss and slope failure can be avoided.
